Background/Aims: Epidural fibrosis, a common complication after laminectomy, has been demonstrated to be closely associated with poor surgical outcomes. Previous studies showed that taurine had remarkable anti-fibrotic effects on lung and liver fibrosis. We performed this study to investigate the effects of taurine in rat models of epidural fibrosis after laminectomy and to explore the potential molecular mechanism. Methods: Laminectomy was performed on each rat to establish epidural fibrosis model. After taurine treatment, Masson's trichrome and immunohistochemistry staining were used to examine epidural fibrosis. Cell viability was determined using the Cell Counting Kit-8 assay. Annexin V/Propidium Iodide double staining was performed to detect fibroblasts apoptosis. Microarray was adopted to identify significantly changed mRNAs. mRNA expression was measured by qRT-PCR. Lentivirus infection was performed to establish stable knockdown and overexpression cell lines. The expression of fibrosis-related proteins was determined via Western blot. Results: Taurine treatment markedly reduced laminectomy-induced epidural fibrosis in rat models. However, this effect of taurine was independent on TGF-β/Smad pathway, evidenced by no change in the expression of TGF-β and its receptors. Besides, taurine had almost no effect on cell apoptosis. Interestingly, taurine treatment significantly decreased expression of EGR1 (Early growth response protein 1), an enhancer of fibrosis, both in vivo and in vitro. Furthermore, overexpression of EGR1 increased activation of fibroblasts, while EGR1 knockdown achieved an opposite effect, indicating that EGR1 plays a key role in the inhibitory effect of taurine on TGF-β-induced fibrosis. Conclusions: Reduced epidural fibrosis in vivo and decreased activation of fibroblasts in vitro after taurine treatment was mediated by EGR1. Taurine promises to be a potential prevention for epidural fibrosis after laminectomy.
Introduction
Epidural fibrosis (EF), a common complication after laminectomy, is the development of the deposition of dense scar tissue adjacent to the dura matter, which may extend into the neural canal and adhere to the dura mater and nerve roots with leading failed back surgery syndrome (FBSS) [1] [2] [3] . Epidural fibrosis has been demonstrated to contribute to up to 5% of poor surgical outcomes following decompressive surgery [4] . Given this, during the past decades, there has been an increasing interest in development of effective drugs to prevent the formation and adherence of the tissue to the neural elements is of importance in improving surgical outcomes.
To date, a variety of biological and non-biological agents have been adopted in preventing EF formation, such as nonsteroidal anti-inflammatory drugs [5] , Mitomycin C (MMC) [6] [7] [8] , FK506 [9] , etc. Although some exerted satisfactory effects, side effects of these agents hindered further clinical application [10] [11] [12] . So there is an urgent need to seek for an alternative agent with low toxicity to solve this problem.
Taurine (2-aminoethane-sulfonic acid), a sulfur-containing amino acid, is commonly present in many energy soft drinks as well as in supplement cocktails for athletes with its claimed effects as energizer and anti-fatigue [13] [14] [15] . Naturally, the toxicity of taurine has been confirmed to be relatively low with respect to other active ingredients [16, 17] . Taurine is not involved in protein synthesis, however, plays a vital role in the modulation of multiple intracellular physiological processes such as calcium homeostasis, cell volume regulation, etc. [13, 14] .
Previous studies have reported that taurine exerts functions of antioxidant, antiinflammatory, and anti-apoptotic in different tissues [18, 19] . Recently, anti-fibrotic effect of taurine in experimental lung [20] and liver [21] fibrosis has been demonstrated in a number of studies. The mechanism by which taurine ameliorates fibrosis in liver and lung was reported to be associated with decreased expression of TGF-β [20, 21] .
However, no evidence to date is about whether taurine has the same anti-fibrotic effect in experimental models of epidural fibrosis after laminectomy. The purpose of the present study was to investigate the effects of taurine in rat models of epidural fibrosis after laminectomy and to explore the potential molecular mechanism.
Materials and Methods

Animals and wound creation
Eighteen male Sprague-Dawley rats, weighing 200 to 220 g, were obtained from the animal center of Nanjing Medical University and received care in compliance with the principles of International Laboratory Animal Care and the protocol was approved by the Animal Care and Research Committee of Nanjing Medical University. A total laminectomy of L1 was performed according to the procedure in the previous studies [22, 23] . After anesthesia by intraperitoneal injection of ketamine, the L1 vertebral plate was exposed by a midline skin incision. The dura mater was exposed after removing the spinous process and vertebral plate of L1. The muscles and skin were sewed in layers. At the end of 21 days, the animals were sacrificed with a high dose of ether.
Taurine treatment in animals
The animals were randomly divided into three groups (n = 6) with laminectomy -induced wounds. One group was treated with intraperitoneal injection with taurine in a dose of 100 mg/kg and the other group was treated with taurine gel, and the control group which received no treatment and had only daily debridement of the wound with distilled water [24] . Treatments were carried out every 24 hours for 21 days starting from the day laminectomy were performed. Taurine was supplied by Sigma-Aldrich™ (St Quentin Fallavier, France). To facilitate the application of the agent, we provided 5% Taurine gel, a concentration that was assigned according to a previously study [24] , by dissolving 5 g Taurine in 2 ml distilled water, and then transferred the solution into 2% carboxymethylcellulose (CMC) (dissolved in distilled water) for the topical Taurine-treated group. 5% Taurine solution (dissolved in distilled water) was prepared for the injected taurine treated group. The CMC gel itself was administered on the laminectomy wounds and made no significant difference according to the stereological parameters, when compared with the non-treated group.
Cell culture and taurine treatment
The primary fibroblast cells were obtained from epidural scar tissue isolated from rats suffered laminectomy. Rat fibroblasts were cultured in Dulbecco's modified Eagle's medium (DMEM Invitrogen, CA, USA) supplemented with 10% fetal bovine serum (FBS), 0.1 U/L penicillin, and 50 μg/mL streptomycin (Gibco, CA, USA) at 37°C in 5% CO 2 . Cells of passages 3-6 were used for all experiments. Taurine was dissolved in Dimethyl sulfoxide (DMSO) and then Phosphate buffered saline (PBS) to obtain the various concentrations of the compound. The final concentration of DMSO should have exceeded by 0.2% to avoid affecting cell viability. After approximate 80% confluence, the cells were starved overnight and then treated with TGF-β1 (2 ng/ml) (R&D Systems, Minneapolis, MN) or Taurine in various concentrations (10μM-100 mM) as indicated in the figure legends.
Annexin V/Propidium Iodide Double Staining
Annexin V/Propidium iodide double staining was used to detect the cell apoptosis. Fibroblasts were plated in 60-mm dishes (4 ml, 1 x 10 6 /well) and incubated for 24 hours. After treatment with different concentrations of taurine, the detached and adherent cells were collected at indicated time points (24h and 48h) and washed twice with ice-cold PBS. The cells were then resuspended in binding buffer at a concentration of 1 x 10 6 cells/ml and incubated with Annexin V-FITC and propidium iodide to achieve double staining according to the manufacturer's instructions. The mixture was incubated in the dark for 15 minutes at room temperature and analyzed using the Beckman Coulter FC500 flow cytometry system and CXP software (Beckman Coulter, Fullerton, CA). The cells shown in the bottom right quadrant were Annexin V-FITC positive and propidium iodide negative, indicating an early stage of apoptosis. The cells in the top right quadrant stained positively for Annexin V-FITC and propidium iodide, indicating that they consisted of secondary late apoptotic cells. The cells in the bottom left quadrant indicating normal cells, while the up left quadrant indicating death cells. The apoptosis rate in this study represents the total apoptosis rate, including early apoptosis rate and late apoptosis rate.
Cell viability assay
Cell viability was measured in a 96-well plate using a quantitative colorimetric assay with counting kit-8 (CCK-8) assay kit (Dojindo, Kumamoto, Japan). Cells were seeded in 96-well plates in triplicate, and various treatments were applied to the wells. After these treatments, the CCK-8 solution (10 µL) was added to each well, and the wells were incubated for another 2 h at 37°C. Absorbance was measured at 450 nm (Bio-Tek, Elx800, USA).
Masson staining and immunohistochemistry
A full-thickness circular skin sample with a 1 cm margin around the wound area was removed from the wound's site and fixed in buffered 4% formaldehyde and then embedded in paraffin for Masson trichrome immunohistochemistry (IHC). The sections (5 μm thick) were cut and deparaffinized in xylene, dehydrated in gradient ethanol, and then washed with PBS. The Masson trichrome staining was performed with routine protocol. For immunohistochemistry, after heat-induced epitope retrieval with 10 mM citrate buffer (pH 6.0) by microwave oven for 15 min, the sections were pretreated with 3% H 2 O 2 in PBS for 15 min and blocking with 5% goat serum at room temperature. Sections were incubated with rabbit anti-collagen III (Santa Cruz Biotechnology, Texas, USA), EGR1 (1:100, Protein Group, Chicago, IL, USA) or rabbit anti-α-SMA (1:200, Abcam, Cambridge, UK) overnight at 4°C. After the primary antibody reaction, an immunohistochemical staining kit (DAKO, CA, USA) was used. The sections were washed and stained with 3,3′-diaminobenzidine (DAB) and then counterstained with hematoxylin.
Western blot analysis
Total protein was extracted from epidural scar tissues and treated fibroblasts with RIPA buffer, and the protein concentrations were examined by the BCA method. Then 30 μg proteins was separated by SDS-PAGE gels and transferred to polyvinylidene fluoride (PVDF) membrane (Millipore, Billerica, MA, U.S.). After blocking with 5% non-fat dry milk, the membranes were incubated with primary antibodies. The primary antibodies were used as followed: p-Smad2/3, Smad2/3, GAPDH (1:1000, Cell Signaling Technology, Boston USA), α-SMA (Abcam, Cambridge, UK), Collagen III, TGF-β1, TGFβRI, TGFβRII, Smad7 (1:500, Santa Cruz Biotechnology, Texas, USA), EGR1 (1:200, Protein Group, Chicago, IL, USA). Horseradish peroxidase (HRP)-conjugated secondary antibody (1:5000, Santa Cruz Biotechnology, Texas, USA) and ECL detection reagents (Millipore, Billerica, MA) were used for luminochemical detection. Images were quantified by densitometry. The results were normalized to GAPDH. All experiments were carried out 3 times.
RNA preparation and quantitative real-time PCR
Total RNA in epidural scar tissues and treated fibroblasts were isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. RT was performed using the RevertAidTM First Strand cDNA Synthesis Kit (Fermentas, Ottawa, Canada) following the manufacturer's instructions. The random RT primer 5'-(dN) 9-3' was used for EGR1, and GAPDH genes. The polymerase chain reaction (PCR) primers were designed using an S ABI SYBR Green Master Mix (Invitrogen) according to the manufacturer's protocol. Detailed primers were as follows: EGR1: Sense: 5′-AGA AGG ACA AGA AAG CAG ACA AAA GTGT-3′; Antisense: 5′-GGG GAC GGG TAG GAA GAGAG-3′, GAPDH: Sense: 5'-TGC ACC ACC AAC TGC TTAGC-3'; Antisense: 5'-GGC ATG GAC TGT GGT CAT GAG-3'. All mRNA quantification data were normalized to GAPDH as an endogenous control for the mRNA detection. The data were processed using 2 -ΔΔCt methods.
Microarray data generation and analysis
Total RNAs were extracted using the TRizol reagent (Invitrogen, Carlsbad, CA, USA) from fibroblasts treated with TGF-β (triplicate) and TGF-β+Taurine (triplicate). cDNAs were generated, fragmented, biotinylated, and hybridized to the Agilent Rat MicroRNA Microarray V3 Technology platform, which completed by Shanghai Huaying Biological Co., Ltd. (Huaying, Shanghai, China) according to the vendor's protocol.
Cell infection
To establish stable knockdown and overexpression cell lines, the lentivirus vectors pLV-EGR1-inhibitor (target sequences: Sense: 5'-AGUUUGCCAGGAGCGAUGA-3' Antisense: 5'-UCAUCGCUCCUGGCAAACU-3') [25] and pLV-EGR1-overexpression (NM_001964), along with the packaging plasmid mix, were purchased from Shanghai GenePharma Co., Ltd (Shanghai, China). Individual plasmids and the packaging mix were co-transfected into HEK293TN packaging cell lines using Lipofectamine2000. The culture supernatant was concentrated using the Lenti-pac lentivirus concentration solution (Genecopoeia, Guangzhou, China). The control plasmid provided with the lentivirus kit was processed as described above to obtain the control pseudovirus (sequence: 5' GTCCCGGATACCTAATAAA 3'). Fibroblasts were incubated with the lentiviruses in the presence of 2 μg/mL polybrene (Gibco, CA, USA) and were cultured with 2 μg/mL puromycin (Sigma, CA, USA) for at least 96 h to select the stably transfected cells.
Statistical analysis
The data were collected, analyzed, and reported as mean and standard deviation (mean ± SD). Besides, the statistical comparisons between the groups were carried out by the SPSS statistical software (v. 17.0). The statistical differences among different groups were analyzed by Student's t-test. P ≤ 0.05 was considered to be statistically significant.
Results
Taurine treatment reduced laminectomy-induced epidural fibrosis in rats
To first investigate the effects of taurine in vivo, we performed laminectomy on all rats to induce epidural fibrosis. Then the rats were intraperitoneal injected or topical administrated with taurine, and untreated rats were served as control. To choose proper dose, rats were administrated with taurine at different concentrations: 50, 100, 150 and 200 mg/kg. We found that administration of taurine at the dose of 50 mg/kg did not exhibit remarkable improvement in reducing epidural adhesion, while 100 mg/kg resulted in significant effects. Given this, we chose the dose of 100 mg/kg for further experiments in vivo. For all rats, Masson's trichrome staining showed that laminectomy induced extensive epidural fibrosis. Compared to control, the rats treated with either topical or injected taurine exhibited significantly ameliorated epidural fibrosis (Fig. 1a) . In addition, expression of α-SMA, a marker of fibroblasts activation [25, 26] , analyzed by immunohistochemistry and western blot confirmed the results of Masson's trichrome staining (Fig. 1b and c) . Moreover, the expression of collagen III, which plays an important role in fibrosis [27] , also reduced in taurine treated rats (Fig. 1c) . These results indicated that taurine treatment could significantly reduce epidural fibrosis in vivo.
Taurine-mediated attenuation of laminectomy-induced epidural fibrosis was not dependent on TGF-β/Smad pathway
To examine whether the effects of taurine were dependent on TGF-β/ Smad signaling pathway, which was demonstrated to be closely associated with fibrogenesis [28, 29] , we explored the expression of key markers in this pathway. Compared to those untreated rats, no significant change of the expression of TGF-β1 and its receptors (TGF-βRI, TGF-βRII) was found in neither topical nor injected taurine treated animals. In addition, expression of neither p-Smad2/3 (activated Smad2/3) nor Smad 7 markedly altered after taurine treatment (Fig. 2) . These results suggested that taurine-mediated attenuation of laminectomy-induced epidural fibrosis was not dependent on TGF-β/Smad pathway.
Taurine had no significant effect on cell apoptosis
Given that only if osmolarity change due to taurine administration was more than 737 mOsm, cell viability altered significantly, we did not carried on experiments in equimolar sucrose or similar osmolyte as control [30, 31] . According to the results from a CCK-8 assay, fibroblasts treated with up to 100 mM taurine for 48 h exhibited no significant reduction of cell viability (Fig. 3a) . Annexin V/Propidium Iodide double staining results also showed that fibroblasts treated with up to 100 mM taurine for 24 h or 48 h exhibited no significant apoptosis ( Fig. 3b and 3c) . Moreover, CCK-8 assay suggested that, even after pretreatment with TGF-β, additional administration of taurine (10 mM) had not yet markedly changed cell viability of the fibroblasts (Fig. 3d) . These results indicated that the inhibitory effects of taurine were not dependent on regulation of fibroblasts apoptosis.
Taurine decreased expression of EGR1 both in vivo and in vitro
To figure out the potential molecular mechanism, we performed mRNA microarray. According to the results, expressions of 16 genes were significantly altered (more than 2-fold), including 1 decreased and 15 increased mRNAs (Fig. 4a) . Then, through bioinformatics analysis, correlation of fibrosis with the 15 increased mRNAs was not reported to date. Interestingly, the decreased mRNA 'early growth response (EGR1)' was reported to be closely related to fibrosis in many previous studies [32] [33] [34] [35] . Therefore, we thus leads to poor outcomes in spinal surgeries [1] [2] [3] [4] . Previous reports have showed that epidural fibrosis was closely related to fibroblasts activation and collagen overproduction [27] . In this process, α-SMA was a critical marker of activated fibroblasts and plays essential roles in the pathogenesis of hypertrophic scars [25, 26] . Besides, to our knowledge, an increase in production of TGF-β is one of the most important mechanisms in the pathogenesis of fibrosis [36, 37] . TGF-β binds to and activates specific receptors (TGF-βRI, TGF-βRII) and thus stimulates the phosphorylation of Smad2 and Smad3 proteins, which in turn form complexes with Smad4. The complex then translocates from cytoplasm into nucleus, where the Smads regulate the transcription of target genes, including Smad7, which negatively regulates Smad2 and Smad3 activation and inhibits fibrosis [38] [39] [40] [41] .
Taurine is previously reported to demonstrate antioxidant and anti-inflammatory effects in tissues by decreasing the lipid peroxidation and neutrophil adhesion [13] [14] [15] . Recent studies showed that taurine has crucial protective effect on liver or lung fibrosis [20, 21] . However, whether taurine can reduce epidural fibrosis remains unclear.
The present study was conducted to investigate the effects of taurine administration on fibrosis both in vivo and vitro. First we established laminectomy-induced epidural fibrosis in rat models and found that taurine administration significantly attenuated the epidural fibrosis in vivo, evidenced by downregulated expression of α-SMA and collagen III after taurine treatment. To figure out whether the effects of taurine was dependent on TGF-β/ Smad signaling pathway, we explored the expression of TGF-β, TGF-β receptors and Smad 2/3, phosphorylated Smad 2/3 and Smad 7. Results showed that taurine administration did not significantly alter expression of these markers, indicating that the inhibitory effects of taurine was not dependent on TGF-β/ Smad signaling pathway. In addition, cell viability assay and Annexin V/PI double staining demonstrated that the exhibited protective effects of taurine was not via regulation of fibroblast apoptosis. To further explore the cellular and molecular mechanisms of inhibitory effects of taurine on fibrosis, the difference of mRNA between TGF-β treated with or without taurine was analyzed through microarray analysis. To our surprise, the transcription factor early growth response gene 1 (EGR1) was downregulated by taurine treatment under TGF-β-induced stimulation. EGR1 is a zinc-finger nuclear phosphoprotein and transcription factor [42] , induced by environmental stress, developmental signals, cytokines, growth factors, hypoxia and oxidative stress [43, 44] . Moreover, EGR1 plays a vital functional role in profibrotic TGF-β-responses by mediating the TGF-β stimulated collagen expression [33] [34] [35] . Further, both in vitro and in vivo experiments confirmed that taurine treatment indeed significantly reduced EGR1. To further elucidate the role of EGR1 in the TGF-β1 induced fibrosis, we generated EGR1 overexpression and EGR1 knockdown cell lines. Enforced EGR1 expression resulted in an increased expression of α-SMA, while knockdown of EGR1 restored the increased expression of α-SMA induced by TGF-β1, indicating that EGR1 plays an important role in the process of fibrogenesis.
However, limitations still existed in our study. For instance, oral route was probably preferred in systemic delivery of taurine. However, the activity of rats were restricted in this laminectomy model, Thus, administration of taurine by i.p. method should be easy to control the absorption of taurine than those by oral route. On the other hand, the method of gavage would enhanced the damage in the rat spine cord. In fact, some previous studies indicated that taurine could administrate by i.p. methods [24] . For humans, oral route seemed to be more preferred. In addition, we indeed found a small reduction of cell viability at 24h after taurine treatment (Fig. 3A) , which we thought to be related to taurine's anti-TGF-β effect [45, 46] .Our previous study demonstrated that TGF-β significantly stimulated fibroblast proliferation [47] . Therefore, we hypothesized that taurine treatment temporarily inhibited the proliferation ability induced by fibroblasts secreted TGF-β. The exact reason of this observed reduction in cell viability remained to be further explored. Besides, through the mRNA microarray, we found 16 significantly changed mRNAs, however, the 15 upregulated mRNAs were not further analyzed in the present study. We just selected EGR1 for further validation via bioinformatics databases. The inhibitory effects on fibrosis of taurine might also be attributed to these upregulated mRNAs. In our further study, we planned to make detailed investigation about the rest genes.
In summary, we examined the effects of taurine on epidural fibrosis both in vivo and in vitro in the present study and found that taurine might exhibit its effects via downregulating EGR1. To our knowledge, this is the first attempt to explore the effects and the potential mechanisms of taurine on epidural fibrosis. Based on our findings, exogenous taurine administration promises to be a potential prevention for epidural fibrosis after laminectomy.
